IntroDuctIon
The α-helix, first described by Pauling and Corey in 1951 , is the most prevalent protein secondary structure 1 . α-Helices, when situated at protein surfaces, have a significant role in biomolecular recognition. In fact, protein-protein interactions are often mediated by α-helices 2, 3 . Helix lengths tend to be relatively short (8-12 residues) at interfaces, thus providing the possibility to selectively modulate cellular processes with synthetic mimetics 4, 5 . The structure of an α-helix is characterized by a hydrogen bond between the C = O of the ith amino acid residue and the NH of the i + 4th amino acid residue of a peptide chain, which results in a right-handed helix with an average 3.6 residues per turn ( Fig. 1) . Unfortunately, the organization of peptides into this three-dimensional structure is energetically demanding [6] [7] [8] , and the simple excision of short peptide sequences from a parent protein leads not only to the loss of organized secondary structure but also to an increased susceptibility to proteolysis 9, 10 . To address these issues, several strategies have been developed for the nucleation and stabilization of short peptide sequences into helices; they include helix capping [11] [12] [13] , non-natural amino acid substitutions 14, 15 , side chain constraints 9, [16] [17] [18] [19] [20] [21] [22] [23] and hydrogen bond surrogates (HBS) 24 . The HBS approach involves simple substitution of an intramolecular i→i + 4 hydrogen bond with a covalent linkage, and does not modify the solvent-exposed surfaces that may be required for molecular recognition. The HBS approach is particularly attractive for stabilizing short peptide sequences consisting of 7-18 residues.
Satterthwait and co-workers 25 introduced the hydrogen bond mimic approach when they reported that a hydrazone linkage between the i and i + 4 residues resulted in the formation of stabilized α-helical peptides. Inspired by their finding, we devised an approach that involves the introduction of an i→i + 4 carbon-carbon bond through a ring-closing metathesis (RCM) reaction (Fig. 1) . The metathesis-based method affords a stable and irreversible bond in comparison with the hydrazone strategy, and is applicable to a broader range of peptide sequences. The HBS helices have been shown to reproduce the conformation of protein α-helices, and have also been successfully used to target protein receptors in both cell-free and cell-culture assays 10, [26] [27] [28] [29] .
This protocol describes detailed synthetic procedures for the preparation of HBS α-helices. The RCM reaction is the key step in our synthesis of HBS peptides, and we have reported optimized procedures for this step in solid phase under oil-bath heating and microwave irradiation conditions 30, 31 . Recently, we also reported high-yielding procedures for a difficult amide bond-formation step required in the synthesis 32 . Together, the optimized solid-phase methodology is compatible with all standard side chain-protecting groups and provides efficient synthesis of HBS helices (Fig. 2) .
Sequential insertion of two amino acid residues followed by coupling of 4-pentenoic acid gives bis-olefin 4, which is treated with the metathesis catalyst to obtain the resin-bound stabilized helix. Cleavage of the peptide from resin followed by HPLC purification affords the desired HBS helix 5.
We use two different methods for the synthesis of N-allyl-bearing peptides 2 from 1, depending on the identity of the N-allylamino acid (Fig. 2) 32 . The most general approach, 'method A', involves N-allylation of the third amino acid residue from the N terminus with the Tsuji-Trost reaction 33, 34 . The subsequent peptide coupling, although difficult, is affected with triphosgene to provide 3. For sequences with glycine as the third residue, 'method B' is used because it is procedurally more straightforward than method A and provides higher yields. In method B, the N-allyl group is incorporated by bromoacetylation of 1, followed by nucleophilic displacement of the bromide with allylamine. Subsequent amino acid coupling to N-allylglycine with DIC/HOAt (N,N′-diisopropylcarbodiimide/1-hydroxy-7-azabenzotriazole) affords the N-allylpeptide in high yields.
The reaction scale is limited by the size of the microwave vessels to 25-500 mg. Within this range, the procedure described here works efficiently for a diverse range of sequences, except those that feature coupling of amino acids to N-allylthreonine, N-allylvaline and N-allylisoleucine (β-branched) residues. The two critical steps for the synthesis of HBS helices involve triphosgene-mediated coupling of N-allylamino acids and the RCM. Both these reactions require anhydrous conditions. The yield of the coupling step is substantially improved by treating the N-allylpeptide with fresh aliquots of activated amino acid; the number of repetitions is dependent on the sequence and requires optimization. ) into a solid-phase extraction tube with a frit column plate and swell the resin in 3.0 ml of DCM for 20 min.
MaterIals

REAGENTS
2|
Remove the solvent by vacuum filtration and wash the resin with 2.0 ml of DMF.
peptide synthesis • tIMInG variable 3| Resin-bound peptides of desired sequence are prepared using standard Fmoc solid-phase peptide synthesis protocols (Fig. 2) 35, 36 . Briefly, the Fmoc group is removed by treatment with 20% (vol/vol) piperidine/DMF. Each Fmoc amino acid (0.5 mmol) is activated with HBTU (0.45 mmol) and 5% (vol/vol) DIEA/DMF and coupled for 2 h at 25 °C. Peptide synthesis can be performed using a synthesizer such as a CEM Liberty Series microwave peptide synthesizer.  crItIcal step The progress of peptide synthesis can be monitored using Kaiser or chloranil tests (Box 1) 37, 38 , which provide qualitative assessments for the presence or absence of free primary and secondary amines; if necessary, 15 mg of peptide can be cleaved from the resin and analyzed by LCMS 35, 36 .
4| Synthesis of N-allylpeptide 3 can be performed using method A or method B depending on the sequence. Method A is a general approach suitable for any sequence; method B offers a streamlined, high-yield approach applicable when the R 3 residue in the HBS sequence is glycine (Figs. 2 and 3) .  pause poInt Dried resin containing 6 may be stored in a vacuum desiccator at 25 °C for about a month. (vii) Introduction of N-allyl group to 6 to obtain N-allylpeptide 7 ( Step 4A(vii-xi)): Transfer the dried, nosyl-protected peptide from
Step 4A(vi) to a 10-ml reaction vessel equipped with a septum cap, and add triphenylphosphine (21 mg, 0.08 mmol). Purge the reaction vessel with a continuous flow of argon gas for 30 min. (viii) Add 3 ml of anhydrous THF through a syringe to the argonflushed reaction vessel and gently agitate or shake the reaction vessel to dissolve triphenylphosphine. (ix) Add Pd 2 (dba) 3 (11 mg, 0.01 mmol) followed by allylmethylcarbonate (170 µl, 1.5 mmol), and gently agitate the mixture for 2 h. (x) Filter resin and wash it sequentially with DCM (5 ml × 3), DMF (5 ml × 3) and 0.2 M sodium diethyldithiocarbamate trihydrate (5 ml × 3), DMF (5 ml × 3) and DCM (5 ml × 3).  pause poInt Dried resin containing 7 may be stored in a vacuum desiccator at 25 °C for about a month. (xii) Removal of nosyl group from 7 to obtain N-allylpeptide 2 ( Step 4A(xii-xvii)): Transfer the dried resin obtained from
Box 1 | CoLoRIMETRIC DETECTIoN oF RESIN-BoUND PRIMARY oR SECoNDARY AMINES
Kaiser test
Step 4A(xi) to a microwave vessel equipped with a cap and magnetic stir bar and purge the reaction vessel with a continuous flow of nitrogen gas for 30 min. (xiii) Add 2 ml anhydrous DMF to resin and stir for 10 min. (xiv) Add DBU (74 µl; 0.5 mmol) to the reaction mixture and stir for 2 min. (xv) Add 2-mercaptoethanol (70 µl; 1.0 mmol) to the reaction mixture and stir for 2 min at room temperature (RT, 25 °C);
follow by microwave irradiation under conditions outlined in table 1.  crItIcal step Deprotection of 2-nitrobenzenesulfonyl group releases a yellow chromophore, which provides visual confirmation of the reaction progress 34 . ? trouBlesHootInG (xvi) Filter resin with a fritted solid-phase extraction tube. Wash the resin sequentially with DCM (5 ml × 3), DMF (5 ml × 3), methanol (5 ml × 3), DMF (5 ml × 3) and DCM (5 ml × 3). (xvii) Dry the resin in a vacuum desiccator overnight.
 crItIcal step The progress of this step can be monitored using the chloranil test (Box 1) 38 , which indicates presence of secondary amines; if necessary, 15 mg of peptide may be cleaved from the resin and analyzed by LCMS.  pause poInt Dried resin containing 2 may be stored in a vacuum desiccator at 25 °C for about a month. (xviii) Triphosgene-mediated coupling of Fmoc amino acids to 2 to obtain 3 (  crItIcal step Formation of thick yellow-white precipitate of pyridinium salt must be observed after a few minutes of stirring (Fig. 4, middle panel) . (xxi) Add activated Fmoc amino acid to the dried resin obtained from Step 4A(xvii), and subject to microwave irradiation using the parameters outlined in table 1.  crItIcal step Washings between coupling cycles should be performed with DCM (5 ml × 3). Washing with other solvents should be avoided. (xxii) Repeat Step 4A(xviii-xxi) twice.
 crItIcal step The progress of this step can be monitored using the chloranil test (Box 1) 38 , which indicates presence of secondary amines; if necessary, 15 mg of peptide may be cleaved from the resin and analyzed by analytical HPLC (Fig. 5) and/or LCMS. (xxiii) Filter the resin with a fritted solid-phase extraction tube. Wash the resin with DCM (5 ml × 3), DMF (5 ml × 3), methanol (5 ml × 3), 5% (vol/vol) DIEA in DMF (5 ml × 3) and DMF (5 ml × 3).  pause poInt Dried resin containing 3 may be stored in a vacuum desiccator at 25 °C for about a month. ? trouBlesHootInG (B) alternative approach for the preparation of N-allylglycinylpeptides (Fig. 6) ( (vi) Wash the resin sequentially with DMF (5 ml × 3), methanol (5 ml × 3) and DCM (5 ml × 3).  crItIcal step The progress of this synthesis can be monitored using the chloranil test (Box 1) 38 , which indicates presence of secondary amines; if necessary, 15 mg of peptide may be cleaved from the resin and analyzed by analytical HPLC and/or LCMS.  pause poInt Dried resin containing 2 may be stored in a vacuum desiccator at 25 °C for about a month. 
6|
Remove solvent by vacuum filtration, and wash resin sequentially with DMF (5 ml × 3), DCM (5 ml × 3) and methanol (5 ml × 3).
7|
Dry bis-olefin peptide 4 in a vacuum desiccator overnight.  pause poInt Dried resin containing 4 may be stored in a vacuum desiccator at 25 °C for about a month. preparation of HBs -helix 5 using olefin metathesis reaction • tIMInG 2-5 h 8| Transfer the dried resin-bound bis-olefin peptide 4 to a microwave vessel equipped with a cap and magnetic stir bar and purge the vessel with nitrogen gas for 1 h. The reaction setup for the metathesis step is shown in Figure 7 .
 crItIcal step Resin needs to be extensively dried for this reaction.
9|
Weigh 12.5 mg of the HoveydaGrubbs II catalyst (0.20 moles of catalyst for each mole of bis-olefin) and add to the microwave vessel containing the bis-olefin peptide 4. Allow the nitrogen gas to flow for an additional 30 min.
10| Under nitrogen, add 2 ml anhydrous 1,2-dichloroethane per 0.10 mol of resin and stir for 15 min.  crItIcal step Use freshly distilled 1,2-dichloroethane. 11| Irradiate the microwave vessel containing reaction mixture from Step 10 using the microwave parameters outlined in table 1.  crItIcal step The progress of this step may be monitored by cleaving 15 mg of peptide from the resin and subsequent analysis by analytical HPLC (Fig. 8) and/or LCMS.
12|
Filter the resin with a fritted solid-phase extraction tube. Wash resin sequentially with DMF (5 ml × 3), DCM (5 ml × 3), methanol (5 ml × 3) and DCM (5 ml × 3), and allow the HBS peptide to air dry.  pause poInt Dried resin containing 5 may be stored in a vacuum desiccator at 25 °C for about a month.
cleavage of HBs helix 5 from resin • tIMInG 3 h 13| Add 3.8 ml of the cleavage cocktail (TFA/H 2 O/TIPS, 95%/2.5%/2.5% (vol/vol/vol) to the dried, resin-bound HBS helix 5 and stir gently for 2 h. ! cautIon TFA is extremely corrosive; wear eye protection, a lab coat and gloves.
14|
Filter the cleavage mixture, wash resin with TFA (2 × 1 ml) and concentrate the combined filtrate using a rotary evaporator. ! cautIon TFA is extremely corrosive; wear eye protection, a lab coat and gloves.
15| Slowly add 5 ml of cold diethyl ether to the cleavage mixture from Step 14 to precipitate the HBS peptide.
16|
Isolate the precipitate by centrifugation (5,000g for 5 min); carefully decant ether from the tube. Repeat ether wash two more times.
17| Dissolve remaining solid from
Step 16 in a mixture of 0.1% (vol/vol) TFA in water and acetonitrile, and lyophilize it. ! cautIon TFA is extremely corrosive; wear eye protection, a lab coat and gloves.
purification and characterization of HBs -helix 5 • tIMInG 1-2 d 18| Dissolve 100 mg crude product in 0.4 ml of acetonitrile and 1.6 ml of 0.1% aqueous TFA. Inject the solution into a semipreparative HPLC system. Collect fractions (each 5 ml) corresponding to the main peak, and lyophilize aqueous solution to obtain the purified product. ! cautIon TFA is extremely corrosive; wear eye protection, a lab coat and gloves.
19| Dissolve 1 mg of the purified HBS peptide in a 1 ml solution of 0.1% aqueous TFA (and acetonitrile, if needed), and inject 20 µl of the sample solution to an analytical HPLC and 6 µl of the sample solution to an LCMS to determine the purity and mass of the peptide. ! cautIon TFA is extremely corrosive; wear eye protection, a lab coat and gloves.
? trouBlesHootInG step 4a(xv) If yellow color is not observed after the addition of 2-mercaptoethanol, wash the resin sequentially with DMF and DCM. Repeat Steps 4A(xii-xv) of nosyl deprotection. step 4a(xxiii) To avoid by-products from unreacted starting material, a capping step with acetic anhydride is suggested before further elongation of the peptide chain using standard procedures 35, 36 .
• tIMInG Steps 1 and 2: 30 min
Step 3: Variable
Step 4A(i-vi): 45 min plus overnight drying time
Step 4A(vii-xi): 3 h plus overnight drying time
Step 4A(xii-xvii): 1 h plus overnight drying time 
